A new and selective sorbent for molecularly imprinted polymer solid-phase extraction (MIP-SPE) was prepared to extract meropenem from plasma and urine samples. The extracted analyte was analyzed by high-performance liquid chromatography (HPLC) coupled with photodiode array detection. Methacrylic acid (MAA) as functional monomer, ethylene glycol dimethacrylate (EGDMA) as cross-linker, azobisisobutyronitrile (AIBN) as an initiator and meropenem as a template molecule were used for the MIP preparation. Imprinted meropenem molecule was removed from the polymeric structure using acetonitrile in water (1:9, v/v), as the eluent solvent. Under the optimized conditions, the limit of detection (LOD) and limit of quantification (LOQ) were 35 and 120 µg L -1 , respectively. The developed MIP-SPE method demonstrates that it could be applied for the determination of meropenem in plasma and urine samples.
Introduction
Meropenem is a broad-spectrum carbapenem antibiotic. 1 It is active against Gram-positive and Gram-negative bacteria. 2 Meropenem has a known mode of action that penetrates bacterial cells readily and interferes with the synthesis of the vital cell wall components. 3 Meropenem is an ultra-broad-spectrum injectable antibiotic used to treat a wide variety of infections, including meningitis and pneumonia. 4 As announced in the scientific notice, 5 the MIC (minimal inhibition concentration) for the meropenem is very different from one bacteria to another, but very often it is effective in the range 0.5-4 µg mL -1 against most sensitive germs.
Unlike imipenem, meropenem is stable against renal dehyropeptidase I (DHP-I) 6 and does not need to be administered with a DHP-I enzyme inhibitor such as cilastatin. 7 Meropenem therefore has advantages in the intensive care unit (ICU), notably in critically ill patients with renal failure, a population at risk for accumulating co-administered drugs or metabolites. 8 It is very important that an adequate and safe level of the drug is achieved in plasma and in cerebrospinal fluid (CSF) for treatment of several bacterial infections with meningitis. Meropenem displays a time-dependency whereby bactericidal activity correlates with the duration that serum drug concentration remains above MIC 90 (minimum inhibitory concentration required to inhibit the growth of 90 % of organisms) for the organism. The MIC 90 value of meropenem concentration for Pseudomonas aeruginosa and penicillin and cephalosporinresistant Streptococcus pneumoniae are less than 0.5 µg mL -1 and 1.0 µg mL -1 , 9 respectively. Therefore, the meropenem concentration in CSF would be above the MIC.
High-performance liquid chromatographic (HPLC) techniques are most commonly employed clinically for analyzing meropenem. Microbiological assays 10, 11 have been reported for meropenem, but these procedures suffer from a lack of selectivity and are time-consuming. The MBA was performed by using Escherichia coli NIHJ as the test strain. The medium used was nutrient agar (Difco Laboratories; pH 6.6). The plates were incubated overnight at 37 °C. Linear regression analysis of the standard calibration lines obtained by plotting log antibiotic concentrations versus zone diameters of inhibition indicated excellent linearity of the assay between 0.08 and 5.00 µg mL -1 . The sensitivity limit of the assay was 0.08 µg mL -1 . The coefficients of variation of the assay were 5 % at 5 µg mL -1 and 9% at 0.08 µg mL -1 . The recovery of meropenem in urine at 24 h was 65.4 % by microbiological assay.
Solvent extraction, 12 solid phase extraction 13 and column switching method 14, 15 have been used as sample pretreatment for determination of meropenem. High-performance liquid chromatography-mass spectrometry (LC-MS) assays have been developed to analyze meropenem. 16, 17 However, they are expensive and not generally available.
Molecularly imprinted polymers (MIPs) are highly stable polymers that possess recognition sites within the polymer matrix. These molecularly imprinted polymers can be produced in a covalent or a non-covalent manner. 18 The interactions between the template and the monomers are based on hydrogen bonds and ionic and hydrophobic interactions. 19 MIP can be packed in disposable cartridges for off-line SPE or in columns for on-line SPE. The classical SPE sorbents such as C18, ion-exchange and size-exclusion phases are lacking in selectivity towards target analytes. In order to overcome this drawback, the use of MIP in SPE (MIP-SPE) has been developed. but also the other compounds present in the sample matrix to be removed. The aim of this study was to develop a simple, sensitive and low-cost method based on MIP as selective SPE sorbents for the determination of meropenem in plasma and urine samples. To the best of our knowledge, no report has been published on MIP-SPE of meropenem.
Experimental

Reagents and Chemicals
Ceftazidime, meropenem and cefixime were obtained from JaberEbneHayyan Pharmaceutical Company (Tehran, Iran). Isoniazid was obtained from Daroupakhsh Distribution Company (Tehran, Iran). Methacrylic acid (MAA), ethylene glycol dimethacrylate (EGDMA), 2, 2-azobis isobutyronitrile (AIBN), methanol and chloroform were obtained from Merck (Darmstadt, Germany). Acetonitrile HPLC grade was obtained from DAEJUNG (Korea). The water used was purified on a Youngling ultrapure water purification system (AquaMAXTM, Ultra 370 Series, Korea). Deionized water was used in all experiments. The stock solution (1000 mg L -1 ) of meropenem was prepared in HPLC-grade water (DAEJUNG , Korea) and stored at -4°C. Working solutions with different concentrations were prepared daily.
Apparatus
HPLC analysis was performed using a Shimadzu (LC-20AD Prominence, Japan) with a diode array detector (SPD-M20A). Separations were carried out on a µBoundapak C18 column of 3.9 mm × 150 mm with 10 µm film thickness HPLC column. HPLC data were acquired and processed using a Lab solution software (LC solution version 1.25 SP5). A mixture of acetonitrile/acetate buffer (pH 7.0) (40:60, v/v) at the flow rate of 1.0 mL min -1 was used as a mobile phase in the isocratic mode. The injection volume for all of the sample was 25 µL and detection wavelength was set at 299 nm. pH of solutions was adjusted using a Metrohm pH meter equipped with a combined glasscalomel electrode (model 827 digital, Swiss). FT-IR spectra (400-4000 cm -1 ) in KBr was recorded on a Bruker spectrometer (Alpha, USA).
TG/DTG analyses were performed using a LINSEIS Model STA PT-1600 (Germany) instrument, under nitrogen, up to 600°C, with a linear heating rate of 10 °C min -1 .
Synthesis of Molecularly Imprinted Polymer
For the preparation of the MIP, meropenem (0.5 mmoL) was dissolved in chloroform and then MAA (2 mmoL), EGDMA (10 mmoL) and AIBN (0.272 mmoL) were added to the solution. The mixture was shaken and degassed with a stream of N 2 for 10 min and the glass tube was sealed and heated at 60°C for 24 h. After polymerization process, the resulting polymer was crushed and dried. Afterward template molecule (meropenem) in the MIP removed by soxhlet extraction with the mixture of methanol and glacial acetic acid (8:2, v/v). For comparison, NIP (polymer without meropenem) was prepared as a blank in the same procedure but without the addition of meropenem (as a template molecule). The MIP sorbent's lifetime was investigated by monitoring the change of extraction efficiencies obtained by performing repeated extractions under optimized experimental conditions with a definite amount of sorbent. The sorbent regeneration was carried out using methanol after each extraction step. It was established that sorbent could be used with no obvious decline in performance for about six extraction/desorption cycles.
MIP-SPE Procedure
SPE column was prepared by packing 100 mg of the polymer into a 5 mL empty cartridge. The cartridge was conditioned sequentially with 5 mL of methanol and 20 mL of distilled water. Extraction experiments involved loading the column with 100 mL of sample solution (urine and plasma) meropenem (pH 7.0) at a flow rate of 2 mL min -1 . After loading, a column was washed with 5 mL of acetone, and a full vacuum (Full Vacuum, generally taken as 1 atmosphere pressure external to the vessel, with zero absolute pressure inside, equivalent to 15 PSIG external pressure) was applied to the cartridge for 1 min to remove residual solvent. Finally, the elution was performed by passing 5 mL of acetonitrile/water (1:9, v/v). Then, 25 µL of each sample was injected into the HPLC system for analysis.
Template Removing
After the preliminary polymer preparation mentioned earlier, in order to the template removal, the template was removed by soxhlet extraction. 24 The template was washed with 300mL methanol:acetic acid (8:2, (v/v)) for 18 h at 80°C. To ensure full removal of template molecule, MIP were washed with methanol:acetic acid (8:2 (v/v)) for 30 min several times. Then, it was washed with distilled water several times to remove acetic acid. Finally, the polymer was dried and crushed.
FT-IR Analysis
Fourier-transform infrared spectroscopy (FTIR) characterization was performed to determine the functional groups in MIP before (first MIP) and after (final MIP) the soxhlet stage and also in NIP (polymer without meropenem (Fig. 1) . All spectra obtained from polymers exhibit similar peaks, indicating a common polymer structure in all of them. The absence absorption bands in the region 1638-1648 cm -1 due to the absence of free vinyl groups in polymer particles. Therefore, it can be concluded that all vinyl groups of MAA and EGDMA are involved in polymerization. The absorption band of the carbonyl group appears in 1720 cm -1 , but after the polymerization reaction with a cross-linking and a reduction of conjugation, this absorption band is shifted to 1726 cm -1 . As a result, a strong peak appeared in the range of 1720-1725 cm -1 . Absorbance at 3444-3452 cm -1 indicates O-H band, where the intensity for MIP before soxhlet is lower than that for MIP after soxhlet. A plausible reason for this phenomenon is that the template molecule (meropenem) is assembled with monomer (MAA) via hydrogen bonding with O-H during the preparation of MIP prior to washing. However, after the template removal, a strong and broad stretching vibration absorbance peak of O-H from monomer is clearly observed due to the absence of any hydrogen bond disruption.
22,23
Thermogravimetric Analysis
Thermal stability of the synthesized molecularly imprinted polymer was evaluated by thermogravimetric analyzer. Figure 2 shows TG/DTGA plots for the molecularly imprinted polymer. The little weight loss in earlier temperature is due to physically combined water. The second stage of weight loss is related to exclusion of remaining organic solvents and combustion of organic part. GA plot for MIP can prove the thermal stability of the synthesized polymer. The percentage of mass loss for MIP was studied up to 600°C. The polymer has not completely decomposed at this temperature, although, the total mass loss of MIP was about 56.19 (m/m %).
Effect of pH
To evaluate the effect of pH, a working solution with different
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pH in the range of 3-9 was studied. The pH of samples was adjusted with 1 mol L -1 of NaOH and HCl. As shown in Fig. 3 , the highest adsorption of meropenem was obtained at pH 7. In pH < 7, because of high concentration of proton ion and protonation of the carboxylic groups in MIP and in pH > 7, because of deprotonation of meropenem, interaction between MIP and meropenem does not happen, hence, extraction efficiency decreases. Thus, the pH 7 was selected as optimized pH according to the findings from the present results.
It is mentioned that the extraction recovery was obtained with the following equation:
where (C a , V a ), (C 0 , V 0 ) and D are the concentrations and volumes of meropenem before and after extraction in the solution and dilution factor, respectively.
Type of Elution Solution
The eluting step was optimized to damage the special interaction taking place between meropenem and MIP. 25, 26 Methanol, methanol-hydrochloric acid (0.01 M), methanol-acetic acid (0.1 M), acetonitrile-water (2:8, v/v), acetonitrile-water (3:7, v/v), acetonitrile-water (9:1, v/v) and acetonitrile-water (1:9, v/v) were investigated as elution solution. The results (Fig. 4) show that acetonitrile-water (1:9, v/v) as elution solution provided the best recovery for meropenem. It is probable that this solvent more RESEARCH ARTICLE H.S. Amlashi, A.P. Daryasari and M. Soleimani, 34 S. Afr. J. Chem., 2019, 72, 32-39, <http://journals.sabinet.co.za/content/journal/chem/>. successfully damages hydrogen bonding between meropenem and methacrylic acid.
Effect of the Flow Rate of the Sample Solution
The effect of flow rate on the recoveries of the analyte was investigated in the range of 1.5-6 mL min -1 . It was found that at 2 mL min -1 , the best recovery was obtained (Fig. 5) . It seems that at the lower flow rate of the sample solution there is enough time to retain meropenem in the sorbent.
Effect of the Flow Rate of the Elution Solvent
The effect of the flow rate of the elution solvent was studied in the range of 0.5-1.5 mL min -1 . At the flow rate of 0.5 mL min -1 , the maximum extraction efficiency was observed. It is probably that at the lower flow rate, the elution solvent has enough time for the desorption of meropenem.
Effect of the Sample Volume
In order to determine the optimum loading volume, experiments were carried out on using various sample volumes ranging from 20 mL to 125 mL and the extraction efficiency was investigated. It was found that the highest recovery was attained when the sample volume was at 100 mL. Hence, 100 mL was selected as the optimal sample volume.
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Effect of the Sorbent Amount
The effect of sorbent amount was investigated in the range of 0.1-0.5 g. In the range of 0.1 to 0.5 g, sorption levelled off and remained unchanged (Fig. 6) . Therefore, it was decided to use 0.1 g sorbent in the remaining experiments.
Results and Discussion
Selectivity Test
Ceftazidime, cefixime and isoniazid were selected as competitive compounds to estimate the selectivity of MIPs for meropenem. The structures of these drugs are shown in Fig. 7 . The results are shown in Fig. 8 . The results indicate that the extraction recovery of cefixime is high, which resulted from its structural similarity to meropenem. Although ceftazidime had similar structure to meropenem, but MIPs had low affinity for ceftazidime, because the obtained optimum extraction conditions for meropenem are not suitable for ceftazidime. Also, MIPs had low affinity for isoniazid, because of different structure with meropenem. Non-imprinted polymer (NIP) had low extraction recovery for the drugs, because of absence binding sites in NIP and low absorption performance (Fig. 8) . 
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Adsorption Capacity
The capacity of the sorbent is an important factor that defines how much sorbent is required to remove a specific amount of drug from the solution quantitatively. To measure the adsorption capacity, 100 mg of MIP or NIP was mixed with 100 mL meropenem solutions at concentrations of 5.0-50 mg L -1 . The suspensions were shaken for 2 h at room temperature and then centrifuged. The remained meropenem in the supernatant was measured by HPLC. According to these results (Fig. 9) , the \ maximum amount of meropenem that can be adsorbed by MIP was found to be 219.6 mg g -1 .
The maximum amount of meropenem that can be adsorbed by NIP was found to be 23 mg g -1 .
Quantitative Aspects
Calibration curve was obtained under optimized conditions. Linearities were was observed over the range 120-800 µg L -1 for the analyte in the urine and plasma samples. The coefficient of determination (r 2 ) of calibration graphs were 0.9997 and 0.9989 in the urine and plasma samples, respectively. The relative standard deviation (RSD, n = 5) at three different concentration levels of meropenem in urine and plasma are shown in Table 1 .
The LOD (limit of detection) and LOQ (limit of quantitation) are often defined as the concentrations which yield a measure peak with S/N of 3 and 10, respectively. In the urine sample, the LOD and LOQ were 35 and 120 µg L -1 , respectively. In the urine and plasma sample, the LOD and LOQ were 35 and 120 µg L -1 , respectively. Table 2 compares the proposed method with other extraction methods for determination of meropenem. Quantitative results of the proposed method are better than of the other methods [20] [21] [22] for the determination of meropenem. The prepared MIP have very good performance for selective extraction of meropenem. Other advantages of the suggested method are: lack of matrix effect, low consumption of organic solvent.
Extraction of the Meropenem from Human Urine and Plasma
Due to the importance of analysis of meropenem in human urine and plasma, the proposed method was applied to determine the concentration of the analyte in the urine and plasma samples, and the obtained results are summarized in Table 3 . The urine from a healthy person was collected in disposable polyethylene containers and kept at 4°C before analysis. A RESEARCH ARTICLE H.S. Amlashi, A.P. Daryasari and M. Soleimani, 37 S. Afr. J. Chem., 2019, 72, 32-39, <http://journals.sabinet.co.za/content/journal/chem/>. frozen human plasma sample was obtained from the Iranian Blood Transfusion Organization (Tehran, Iran). It was thawed and allowed to reach room temperature and then used. In order to reduce the matrix effect, the plasma sample was diluted to 1:10, using deionized water. The relative recovery (RR) is obtained from the following equation: RR% = C found -C real /C added × 100, where C found , C real and C added are the concentrations of the analyte after the addition of a known amount of standard in a real sample, the concentration of the analyte in a real sample and the concentration of a known amount of standard, which was spiked to the real sample, respectively. The relative recoveries were between 88.3 and 95% ( Table 3 ) and show that matrix has negligible effect on the performance of the proposed method. The chromatograms of the plasma and urine samples before spiked (a) and after spiked (b) at 600 µg L -1 concentration levels are shown in Figs. 10 and 11, respectively.
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Conclusion
In this study, a novel molecular imprinted polymer has been prepared to extract and determine meropenem in human urine and plasma samples combining with HPLC. The MIP displayed large adsorption capacity, high selectivity and good stability for meropenem. Good precision, high quantities of recoveries, wide dynamic linear range, and a low limit of detection were achieved due to the powerful efficiency of the MIP-SPE method. The MIP-SPE procedure was applied for rapid and selective determination of meropenem from human urine and plasma samples followed by HPLC.
